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A B S T R A C T
Adventitious rooting, a critical process in the vegetative propagation of many ornamentals, can be aﬀected by
both light intensity and light quality. We investigated the use of spectral light quality to improve adventitious
rooting of Chrysanthemum morifolium cuttings by applying diﬀerent combinations of blue, red and far-red light.
Additionally, unrooted cuttings were treated before planting with two auxin transport inhibitors (TIBA and NPA)
to study the eﬀect of light quality on auxin biosynthesis and/or transport. Results showed that lowering the R:FR
ratio (decreasing the phytochrome photostationary state, PSS) improved rooting signiﬁcantly and decreased the
inhibiting eﬀect of the auxin transport inhibitor NPA. An extra decrease of PSS by adding blue light to a
red+ far-red spectrum further enhanced rooting. In contrast, adding blue light to solely red light decreased
rooting, an eﬀect which was more pronounced in combination with the auxin transport inhibitors TIBA and NPA.
Our results show that phytochrome plays a role in adventitious root formation through the action of auxin, but
that also blue light receptors interact in this process.
1. Introduction
Adventitious rooting, i.e. formation of roots on organs other than
the root such as stems, is a crucial process in the vegetative propagation
of plants. Especially in ornamentals, vegetative propagation through
cuttings is a common way of reproduction as it is an eﬃcient, fast and
economic method for producing large numbers of plants that keep the
genetic traits of the stock plant. Adventitious root (AR) formation is a
complex process controlled by multiple endogenous and environmental
factors such as auxin, light, temperature and mineral nutrition (da
Costa et al., 2013; Pacurar et al., 2014). Among them, auxin plays a
pivotal role. Moreover, there is a complex cross-regulatory interaction
between auxin and many diﬀerent phytohormones to regulate AR for-
mation (reviewed by Pacurar et al. (2014)).
Endogenous auxin produced in the shoot apical meristem or young
leaves is transported basipetally down the plant stem (Ahkami et al.,
2013). This polar transport is directed by auxin inﬂux (auxin permease
(AUX)) and eﬄux carriers (PIN-FORMED (PIN) protein) and P-glyco-
protein auxin carriers of the ATP-Binding Cassette family B (ABCB)
transporter family (Vanneste and Friml, 2009). This basipetal transport
leads to the accumulation of auxins at the base of a cutting to initiate
adventitious root formation. The removal of the apex reduces the level
of endogenous auxin in the basal portion of a cutting leading to a re-
duction in the number of regenerated roots, which shows that auxin
biosynthesis in the shoot apex is essential (Liu and Reid, 1992). Also the
polar auxin transport through auxin inﬂux and eﬄux carriers is a key
factor (Ford et al., 2001; Ahkami et al., 2013). This can be shown with
the application of auxin transport inhibitors, such as 2,3,5-triiodo-
benzoic acid (TIBA) and 1-N-naphthylphthalamic acid (NPA). Whereas
TIBA inhibits polar transport in part by competing with auxin at the
eﬄux carrier site (Taiz and Zeiger, 2010), NPA interferes with polar
transport by aﬀecting ABCB activity (Vanneste and Friml, 2009).
Light is essential for plant growth and development. As an energy
source, it drives photosynthesis to build up biomass, but speciﬁc wa-
velengths can also steer diﬀerent processes. For instance, blue (B) light
is typically associated with a compact plant growth (Huché-Thélier
et al., 2016). Blue light also increases stomatal conductance
(Boccalandro et al., 2012), which can contribute to an increased pho-
tosynthesis (Kaiser et al., 2019). The ratio of red (R):far-red (FR) light is
associated to diﬀerent morphological aspects: a low R:FR ratio
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promotes stem elongation, petiole extension and leaf expansion but
reduces axillary bud outgrowth and chlorophyll content. Further the
R:FR ratio is also involved in germination and ﬂowering (Demotes-
Mainard et al., 2016). Plants perceive these diﬀerent light qualities
through diﬀerent types of photoreceptors. UV-A and blue light photo-
receptors are UVR8, phototropins, cryptochromes and Zeitlupes
(Galvão and Fankhauser, 2015). Phytochrome is the photoreceptor for
red:far-red light responses. The inactive form of phytochrome (Pr) is
converted by red light absorption to the physiologically active form of
phytochrome (Pfr), while far-red light converts the active form back
into the inactive form. The equilibrium between the two forms is
strongly correlated with the R:FR ratio of the light (Sager et al., 1988).
Even though less eﬃcient, phytochrome can also absorb blue light.
Therefore the phytochrome photostationary state (PSS) or photo-
equilibrium, quantiﬁed as the ratio of the Pfr form to the total phyto-
chrome, is considered to be more closely correlated to plant responses
than the R:FR ratio, as it involves the interacting wavelengths between
350 and 850 nm (Sager et al., 1988).
Interactions between light and auxin signalling have been reported
(Halliday et al., 2009), and links between light quality and auxin have
been described in literature, mainly in relation to photo-morphogen-
esis. For instance, a low R:FR ratio, due to shading, results in an in-
creased biosynthesis of auxin (Halliday et al., 2009). This shade
avoidance response requires a rapid biosynthesis of auxin and its
transport to promote elongation growth (Halliday et al., 2009;
Hornitschek et al., 2012). The phototropic response to blue light has
been shown to be triggered by PIN3 localization. PIN3 is localized di-
rectly opposite to the unidirectional blue light, exporting auxin to the
other side of the stem resulting in a bending towards the light (Ding
et al., 2011).
Even though there are interactions between light quality and auxin
level, the link with adventitious rooting has not been established.
Therefore, we investigate in Chrysanthemum the eﬀects of diﬀerent
combinations of B:R:FR on adventitious rooting. Furthermore, we use
two auxin transport inhibitors (TIBA and NPA) to study the eﬀects of
light quality on auxin transport in relation to adventitious rooting.
2. Materials and methods
2.1. Plant material and experimental set-up
Unrooted cuttings of Chrysanthemum morifolium ‘Orlando’, a pot
chrysanthemum, were purchased from a local nursery. Cuttings were
rooted in 73 cell-trays with river sand (0/2mm) as substrate, which
allows easy washing of the roots. Rooting took place under plastic to
maintain high humidity in a growth chamber (De Ryck, Melsele,
Beglium) to exclude day light. Light conditions in the growth chamber
(MAIS AUTOMATISERING NV, St. Katelijne Waver, Beglium) were set
by adjusting the ﬂuence rate of blue, red and far-red light (Philips Green
Power LED (light emitting diode) research modules). A total ﬂuence
rate was set at 60 μmolm−2 s-1 PAR (photosynthetic active radiation)
with a 19 h photoperiod (Daily light integral (DLI): 4.1 mol m−2 d-1).
Under each tested light condition, four replicate trays were placed
(n=4). Each tray consisted of 73 cuttings, of which 30 cuttings were
used to measure root and shoot quality after one, two and three weeks
(10 cuttings for each week), 30 cuttings were used to evaluate the eﬀect
of auxin transport inhibitors NPA and TIBA and the remaining 13
cuttings were used for visual assessment of the start of rooting the ﬁrst 6
days (data not shown).
2.2. Light conditions
Three experiments were conducted to examine the eﬀect of light
quality on adventitious rooting. In the ﬁrst experiment, the eﬀect of 0,
30 and 60 μmol m−2 s-1 additional far-red light to 60 μmol m−2 s-1 red
light was tested. In the second experiment, ﬁve blue:red (B:R)
combinations were tested ranging from 100% blue to 100% red light. In
the third experiment, four combinations of blue:red with additional far-
red light were tested. The characteristics of the diﬀerent light combi-
nations are shown in Table 1. The spectral distribution of light intensity
between 400 and 800 nm was measured with a JAZ spectrophotometer
(Ocean Optics). The phytochrome photostationary state (PSS= Pfr :
Ptot) was estimated according to Sager et al. (1988) by multiplying the
irradiance at each wavelength against the relative absorption for each
form of phytochrome. Average temperature at plant level during ex-
periment 1 was 21.2 ± 1.0 °C, for experiment 2 it was 18.5 ± 0.9 °C
and during experiment 3 it was 19.1 ± 1.0 °C.
2.3. Root and shoot assessment
Rooting percentage was assessed after 1, 2 and 3 weeks under each
light quality treatment. After 2 and 3 weeks, rooting quality (number of
primary roots, length of the longest root, root dry mass), shoot length
and shoot dry mass were measured. Root and shoot dry masses were
determined after drying them for 48 h at 60 °C.
For cuttings treated with the auxin transport inhibitors or with a
control lanolin mixture, the percentage of rooted cuttings and rooting
quality (length of the longest root and root dry mass) were recorded
after three weeks.
2.4. Application of auxin transport inhibitors
TIBA and NPA were dissolved in DMSO and mixed with lanolin to
yield a ﬁnal concentration of 100 μM. This concentration was de-
termined in a preliminary test, where a ten-fold concentration inhibited
rooting completely. A control lanolin mixture was made with an
equivalent volume of solvent. These mixtures were made less solid by
warming them to 40 °C and applied as a narrow ring (0.2 cm) 1 cm
above the base of the cutting to assess the eﬀect of light quality on
auxin transport. In each replicate tray under each light quality treat-
ment, 10 cuttings were treated with TIBA, 10 with NPA and 10 with a
control lanolin mixture.
2.5. Statistical analysis
Data are reported as means ± SE of four replicates, each re-
presenting the mean of 10 cuttings. Results were analysed using SPSS
statistical software Version 22.0 (SPSS Inc., Chicago, USA). Analyses
were carried out by one-way or two-way ANOVA. Means were sepa-
rated with Tukey’s HSD test (p= 0.05) and a Students t-test was used to
Table 1
Diﬀerent light spectra tested in experiment one, two and three. In the treatment
code, values before each LED type (B= blue, R= red, FR= far-red) indicate
their intensity in μmol m−2 s-1. TPF indicates the total photon ﬂux (photon ﬂux
integral between 400 and 800 nm, in μmol m−2 s-1); R:FR is the red:far-red ratio
calculated by dividing the photon irradiance between 655 and 665 nm(R) with
the photon irradiance between 725 and 735 (FR); and PSS the estimated phy-
tochrome photostationary state.
Treatment code TPF R:FR PSS
Exp 1 60R 60 ∞ 0.89
60R:30FR 90 2.868 0.78
60R:60FR 120 1.682 0.71
Exp 2 60R 60 ∞ 0.89
6B:54R 60 ∞ 0.88
30B:30R 60 ∞ 0.86
54B:6R 60 ∞ 0.76
60B 60 ∞ 0.58
Exp 3 60R 60 ∞ 0.89
16B:44R:16FR 76 3.612 0.80
16B:44R:60FR 120 1.154 0.66
24B:36R:60FR 120 0.992 0.63
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evaluate the treatment with TIBA and NPA against the control lanolin
treatment. Rooting percentage was transformed to arcsine degree va-
lues before the ANOVA. To integrate data from experiment one and
three, values of root measurements were expressed relative to 60R and
plotted against PSS. Regression analysis was done by SigmaPlot 12.0
(Systat Software, Inc., CA, USA).
3. Results
3.1. Experiment one: R:FR ratios
The rooting percentage after one week, was signiﬁcantly higher
when additional far-red light was applied, an average of 60% was
reached compared to 5% under monochromatic red light (Fig. 1 a).
After 2 and 3 weeks, rooting percentages were almost 100% for all three
light treatments. As far-red enhanced rooting, also root dry mass (Fig. 1
b) and root length (Fig. 1 d) was signiﬁcantly higher after 2 weeks of
rooting when additional far-red light was applied. Root dry mass in-
creased from 2 to 3 weeks of rooting. After 3 weeks, cuttings treated
with monochromatic red light (60R) had a root dry mass of 49mg,
while cuttings treated with additional far-red light had a root dry mass
of 86mg and 127mg for 60R:30FR and 60R:60FR, respectively. Also
root length increased from 2 to 3 weeks rooting, but the eﬀect of the
additional far-red light was no longer signiﬁcant after 3 weeks and an
average root length of 5.3 cm was measured. The number of primary
roots (Fig. 1 c) increased with increasing intensity of additional far-red
light, 6, 10 and 13 roots were counted for 60R, 60R:30FR and
60R:60FR, respectively. Only for 60R, an average of two extra roots
formed between 2 and 3 weeks of rooting.
Using TIBA or NPA did not decrease the percentage of rooted cut-
tings. However, signiﬁcant reductions in root length compared to the
control lanolin treatment were recorded (Table 2). This reduction if
TIBA was applied, was not inﬂuenced by additional far-red light. But for
cuttings treated with NPA, the reduction in root length tended to be
higher under 60R compared to 60R:30FR and 30R:60FR.
Eﬀects on shoot quality are shown in Fig. 2. Shoot dry mass (Fig. 2a)
was not aﬀected by far-red light after 2 weeks of rooting; an overall
average of 125mg was recorded. After 3 weeks of rooting, however,
cuttings that received 60 μmolm−2 s-1 additional far-red light had a
signiﬁcantly higher shoot dry mass compared to monochromatic red
Fig. 1. Percentage of rooted cuttings after one, two and three weeks of rooting for experiment 1, 2 and 3. Root dry mass, number of primary roots and length of the
longest root after two and three weeks of rooting for experiment 1, 2 and 3 (mean ± SE, n=4). Diﬀerent letters indicate statistical diﬀerences between light quality
treatments (Tukey HSD, p=0.05). In the x-axis values before each LED type indicate their intensity in μmol m−2 s-1. (In panel f: m.d.=missing data).
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light, 164mg and 136mg respectively. Shoot length (Fig. 2b) also in-
creased with increasing intensity of additional far-red light. Length
increased from 6.2 cm to 7.4 cm and 8.7 cm for 60R, 60R:30FR and
60R:60FR, respectively after 2 weeks of rooting. An extra week of
rooting increased shoot length with 1.1 cm, 1.0 cm and 0.7 cm, re-
spectively.
3.2. Experiment two: B:R ratios
Two weeks after the start of the treatment, the rooting percentage
was signiﬁcantly aﬀected by light quality (Fig. 1e). 60R, 30B:30R and
60B had rooting percentages of 68%, 76% and 75%, respectively, which
were signiﬁcantly higher than 36% and 26% for 6B 54R and 54B 6R,
respectively. After 3 weeks, an overall rooting percentage of 80% was
obtained. Root dry mass (Fig. 1f) after 3 weeks of rooting was sig-
niﬁcantly higher under 60R and 60B, with 20mg and 19mg, respec-
tively, compared to ratios of red+blue light, which averaged at 11mg.
An average of 7 roots per cutting were counted after 2 weeks of rooting
under 60B, which was signiﬁcantly higher than the other treatments
with an overall average of 3 roots per cutting (Fig. 1g). One week later,
cuttings under 60B gained on average one root, while the other treat-
ments gained two roots per cutting. Also root length was highest under
60B (Fig. 1 h), with 1.1 cm and 4.5 cm after 2 and 3 weeks of rooting,
respectively.
TIBA and NPA decreased the rooting percentage signiﬁcantly under
some of the light treatments (Fig. 3) compared to control lanolin treated
cuttings. TIBA linearly decreased rooting percentage with increasing
amounts of blue light, up to 90%B (Fig. 3a). The rooting reduction by
54% under 90% blue (54B:6R) was signiﬁcant compared to the control
lanolin treatment. For cuttings treated with NPA, an exponential decay
was ﬁtted and a signiﬁcant reduction in rooting percentage of 41%,
52% and 51% was seen for 10% blue (6B:54FR), 50% blue (30B:30R)
and 90% blue (54B:6R), respectively (Fig. 3a). Under 0% blue (60R)
and 100% blue (60B) NPA did not signiﬁcantly reduce the rooting
percentage. As in experiment one, also signiﬁcant reductions in root
length were observed (Fig. 3b). The % reduction in root length followed
an exponential decay with increasing B if cuttings were treated with
TIBA. Root length decreased signiﬁcantly with 46%, 52% and 47%
under 10% blue (6B:54FR), 50% blue (30B:30R) and 90% blue
(54B:6R). TIBA did not reduce root length under 0% blue (60R) and
100% blue (60B). Treating cuttings with NPA reduced the root length
by 61%, 46% and 48% for 10% blue (6B:54FR), 50% blue (30B:30R)
and 90% blue (54B:6R), respectively. A smaller, but still signiﬁcant
reduction of 29% was seen for 0% blue (60R). Under 100% blue (60B),
NPA did not reduce the root length.
There was no eﬀect of the light treatment on shoot dry mass, which
averaged at 96mg and 110mg after 2 and 3 weeks of rooting respec-
tively (Fig. 2c). Shoot length was on average 4.4 cm after 2 weeks of
rooting for all light treatments (Fig. 2d). After 3 weeks of rooting shoots
were longer for 60R and 60B, 5.4 cm and 5.9 cm respectively, compared
to 6B:54R, 30B:30R and 54B:6R with lengths of 5.0 cm, 5.1 cm and
4.9 cm, respectively.
3.3. Experiment three: B:R:FR combinations
After one week, the rooting percentage increased with increasing
intensity of additional far-red light (Fig. 1i). The combination with the
lowest PSS (24B:36B:60FR) had 53% rooted cuttings, the other com-
bination with 60 μmol m−2 s -1 additional far-red (16B:44R:60FR) re-
sulted in 23% rooted cuttings and the combination with 16 μmolm−2 s
-1 additional far-red (16B:44R:16FR) had 13% rooted cuttings, while
Table 2
Experiment 1. Percent decrease in length of the longest root for cuttings treated
with TIBA and NPA after 3 weeks of rooting compared to control cuttings (no
inhibitor). In the treatment code, values before each LED type (B= blue,
R= red, FR= far-red) indicate their intensity in μmol m−2 s-1. Asterisk in-
dicate a signiﬁcant diﬀerence between the inhibitor treatment and the control
lanolin treatment (Students t-test *p < 0.05, **p < 0.01, ***p < 0.001).
Root length (cm) % decrease in root length compared to
control lanolin
Treatment code Control lanolin TIBA NPA
60R 5.1 ± 0.1 −13% * −30 % ***
60R 30FR 5.7 ± 0.1 −13% * −19% **
60R 60FR 5.5 ± 0.2 −19% * −20% *
Fig. 2. Shoot dry mass and shoot length after two and three weeks of rooting for experiment 1, 2 and 3 (mean ± SE, n= 4). Diﬀerent letters indicate statistical
diﬀerences between light quality treatments (Tukey HSD, p=0.05). In the x-axis values before each LED type indicate their intensity in μmol m−2 s-1.
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60R had no rooted cuttings after one week. After two weeks,
16B:44R:60FR had a lower rooting percentage compared to the other
treatments, but this diﬀerence was no longer signiﬁcant after 3 weeks
and an overall average of 86% rooted cuttings was achieved. Root dry
mass (Fig. 1j) clearly increased with increasing intensity of additional
far-red light and decreasing PSS. After three weeks, the highest dry
mass of 83mg was seen for 24B:36B:60FR and the lowest of 18mg was
recorded for 60R. Also the number of primary roots (Fig. 1k) increased
when additional far-red light was applied. After three weeks, there were
9 roots per cutting under 60R, while 13, 17 and 16 roots per cutting
were counted for 16B:44R:16FR, 16B:44R:60FR and 24B:36R:60FR,
respectively. The root length (Fig. 1l) was only signiﬁcantly diﬀerent
after 2 weeks of rooting, with 60R having the shortest roots. This sig-
niﬁcant diﬀerence was no longer seen after 3 weeks, where root length
reached an average of 4 cm.
In this experiment, no signiﬁcant eﬀects of the auxin transport in-
hibitors TIBA and NPA were measured.
Shoot dry mass (Fig. 2e) was lowest for cuttings under 60R, with
114mg after 3 weeks, while under 16B:44R:16FR, 16B:44R:60FR and
24B:36R:60FR shoot dry mass reached 129mg, 121mg and 119mg,
respectively. Shoot length (Fig. 2f) was similar under the diﬀerent
treatments, increasing from 2 to 3 weeks of rooting from an average of
5.5 cm–6.2 cm.
To evaluate the eﬀect of the estimated phytochrome photosta-
tionary state, results of rooting measurements of experiment one and
three were expressed in relation to 60R. Results after 2 weeks of rooting
did not give signiﬁcant correlations. After 3 weeks of rooting, dry mass
of roots (Fig. 4b) showed a clear correlation with PSS (p < 0.01). A
lower PSS results in a higher root dry mass. Also the number of primary
roots (Fig. 4c) correlated negatively with PSS (p < 0.05), root number
increased with decreasing PSS. The length of the longest root (Fig. 4d)
tended to slightly increase with decreasing PSS, but the correlation was
not signiﬁcant. The percentage of rooted cuttings (Fig. 4a) showed no
correlation with PSS after 3 weeks of rooting.
4. Discussion
The formation of adventitious roots is a critical process in the ve-
getative propagation of many plants. In diﬀerent species it has been
demonstrated that both light intensity and speciﬁc wavelengths can
aﬀect adventitious root formation on in vitro plants and in vivo cuttings
(reviewed by Christiaens et al. (2016)). Here we show that speciﬁc
wavelengths can improve adventitious rooting in chrysanthemum by
inﬂuencing auxin.
A role for phytochrome in adventitious rooting is seen in the ﬁrst
experiment with diﬀerent combinations of R and FR. The addition of FR
to R (lower R:FR ratio) resulted in faster rooting, higher root dry mass
and an increased number of primary roots. Also in vivo cuttings of
Platycladus, Rhododendron and Leucothoe had improved adventitious
rooting when FR is added to R (van Dalfsen and Slingerland, 2012).
Iacona and Mulea (2010) indicated that phytochrome plays an active
role in adventitious rooting as solely far-red light inhibited adventitious
rooting in Prunus. In our experiment, a decreased inhibition by the
auxin transport inhibitor NPA on rooting of cuttings under a low R:FR
ratio was present, which indicates a higher auxin biosynthesis or an
improved auxin transport took place. In the shade avoidance response,
a low R:FR ratio increases the biosynthesis of auxin (Halliday et al.,
2009), resulting in higher endogenous auxin concentrations in leaves
and internodes (Kurepin et al., 2007). Phytochrome plays a role in this
response through the action of PHYTOCHROME-INERACTING FAC-
TORS 4 and 5 (PIF4 and PIF5). These factors are suggested to regulate
elongation growth by controlling the expression of auxin biosynthesis
genes (Hornitschek et al., 2012). As a clear increase in length of the
cuttings was seen under decreasing R:FR ratios, the shade avoidance
response takes place in our tested chrysanthemum, as was also de-
scribed by Dierck et al. (2017) for pot chrysanthemum. The associated
increase in auxin biosynthesis in the leaves, might have resulted not
only in elongation of the cuttings, but also in an improved rooting as
shoot-derived auxin is necessary for rooting (Ahkami et al., 2013).
Besides the eﬀect on auxin biosynthesis, phytochrome can also aﬀect
the available pool of active auxin through conjugation of excess IAAs by
regulating the transcription of GH3 genes (Tanaka et al., 2002). The
GH3 genes encode for enzymes catalysing the conjugation of IAAs to
amino acids, after which they are stored or degraded (Staswick et al.,
2005).
The strong stem elongation under a low R:FR ratio is mostly an
undesired eﬀect in ornamentals. As auxin requirements are high during
the root induction phase, but not during the subsequent outgrowth of
root primordia’s, it is worthwhile to investigate if a low R:FR ratio
limited to the ﬁrst days of rooting is already suﬃcient to stimulate
rooting percentage thus limiting the negative eﬀects on elongation
growth.
Next to the involvement of phytochrome, the experiment with R:B
ratios indicates that there must be an interaction between phytochrome
and blue light receptors. In Jatropha monochromatic red light was
better for rooting compared to a 1:1 R:B ratio (Daud et al. 2013). In our
experiment, 100% R was beneﬁcial, and adding blue light to red light
reduced the formation of adventitious roots. Kurilčik et al. (2008)
showed on in vitro plantlets of Chrysanthemum morifolium that a frac-
tion of blue light (combined with red) inhibits the root formation. In
cherry, on the other hand, the highest number of roots per microcutting
was recorded under 1:1 R:B (Iacona and Muleo, 2010). Increasing the
percentage of blue light resulted in an increased reduction of rooting
percentage when cuttings were treated with TIBA or NPA. With TIBA
the increased reduction was linear, while with NPA it was exponential.
This exponential decay in rooting percentage corresponds with the
decrease in root dry mass when blue light was added to red light. This
suggests that either biosynthesis of auxin decreased and/or transport of
auxin was increasingly hampered by the auxin transport inhibitors with
increasing blue light. Both cryptochrome and phototropin can play a
Fig. 3. Experiment 2: Percentage reduction in rooting percentage
and length of the longest root for cuttings treated with TIBA and
NPA after 3 weeks of rooting compared to control cuttings (no
inhibitor) in function of the blue light fraction (%). Asterisk in-
dicate a signiﬁcant diﬀerence between the inhibitor treatment and
the control lanolin treatment (Students t-test *p < 0.05,
**p < 0.01, ***p < 0.001), asterisk left of Δ indicate diﬀerence
for NPA, asterisk right of o indicate diﬀerence for TIBA. A linear
regression was ﬁtted for % reduction of rooting percentage for
TIBA treated cuttings from 0 to 90% blue light. An exponential
decay was ﬁtted for % reduction of rooting percentage for NPA
treated cuttings and for root length of TIBA treated cuttings from 0
to 90% blue light (For interpretation of the references to colour in
this ﬁgure legend, the reader is referred to the web version of this
article).
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role in the blue light interaction with phytochrome. Cryptochrome in-
teracts with SUPRESSOR OF PHYTOCHROME A (Liu et al., 2011).
Furthermore, CRYPTOCHROME CIRCADIAN REGULATOR 1 AND 2
(CRY1 and CRY2) have been shown to interact with PIF4 and PIF5 in
Arabidopsis (Pedmale et al., 2016). Phototropin acts downstream of
PIF4 and PIF5, which are involved in the expression of auxin bio-
synthesis genes (Hornitschek et al., 2012; Sun et al., 2013). Mono-
chromatic blue light resulted in our case in similar results as mono-
chromatic red light. The shade avoidance response is associated with a
low R:FR ratio, but also reduced or low blue light can invoke shade
avoidance responses (Pedmale et al., 2016). In our experiment, 100%
blue light, resulted in a higher shoot length, indicating that a shade
avoidance response is present. Similar eﬀects on auxin biosynthesis or
transport can take place, as shown by the minor eﬀect of the auxin
transport inhibitors to cuttings under 100% blue light. When adding
far-red light to a combination of red+blue light, the positive eﬀect of
far-red light on rooting takes the upper hand, as rooting was hastened
and root dry mass increased.
A decreased root dry mass under combinations of red and blue light,
might also be due to a lower concentration of phenolics under red+
blue light. Zheng and Van Labeke (2017) determined total phenolics in
chrysanthemum and showed that the concentration under monochro-
matic red or blue light is higher compared to dichromatic red+blue
light. Phenolics have been shown to reduce decarboxylation of IAA and
consequentially improved rooting of apple (de Klerk et al., 2011). Also
in other species, such as king protea (Wu et al., 2007) and peony (Shang
et al., 2017) rooting was improved with increasing concentrations of
phenolics until a certain threshold.
Also other factors can be co-regulated by spectral quality. Next to
auxins, carbohydrates are an important factor in adventitious rooting.
Especially during the outgrowth of root primordia, higher rates of
photosynthesis and thus carbohydrates will support root growth and
biomass production (Agulló-Antón et al., 2010). FR light can activate
PSI and contribute to photosynthesis (Ehleringer and Sandquist, 2010).
Also increasing the percentage of blue light can increase whole-plant
photosynthesis (Kaiser et al., 2019) in which the blue light receptors
can contribute through improved stomatal conductance (Boccalandro
et al., 2012). In our results, we did also see improved rooting when
increasing both FR and B in a R:FR spectrum. So not only a decreased
PSS might have contributed to this improved rooting, but also increased
photosynthetic activity has to be considered.
5. Conclusion
Adventitious rooting is a critical process in the vegetative propa-
gation of many ornamentals. Chrysanthemum morifolium cuttings were
rooted under diﬀerent combinations of blue, red and far-red light. A
low R:FR ratio improved rooting and decreased the inhibiting eﬀect of
the auxin transport inhibitor NPA, indicating a role for auxin bio-
synthesis and/or transport. Decreasing PSS by adding blue light to a
red+ far-red spectrum further enhanced rooting. On the other hand,
adding blue light to solely red light decreased rooting. These results
show that phytochrome and blue light receptors play a role in ad-
ventitious rooting.
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